This paper presents experimental investigations into adhesion characteristics of four types of (Icelandic) volcanic ash (VA). Firstly, powder (~5e50 mm) was injected into a modified vacuum plasma spray set-up and the fractional mass of particles that adhered to a substrate was measured. Secondly, large (~6 mm), dense pellets of each ash were heated and projected at a substrate, with their impact response monitored via high speed photography. The four ashes fall into two groups of two, one with high Si content (>20%) and the other containing less Si, but higher levels of lower valence cations (such as Ca, Mg & Fe). The glass transition temperatures were all relatively low (~650e750 C), favouring particle adhesion on surfaces in gas turbines. All of the ashes tended to adhere, especially with higher gas temperatures and impingement velocities. However, this tendency was much greater for the two ashes with high levels of the lower valence cations. The high speed photography confirmed that this was due to these two ashes having much lower viscosities (at high strain rates). This behaviour could not have been predicted solely on the basis of T g or glass content values. However, these cations act as "network-modifiers" in silicabased glasses, effecting sharp reductions in melt viscosity, so inferences about the danger of specific VA may be possible from simple compositional analysis. In any event, it's clearly important for VA being generated during any particular eruption to be sampled (presumably by drones) and analysed, rather than relying solely on remote measurement of atmospheric ash levels.
Introduction
Gas turbine aeroengines can be seriously and rapidly damaged by ingested ceramic particles, especially ones that are likely to melt, or at least soften, in flight, and then adhere to solid surfaces on impact. Much ingested particulate has a relatively high softening temperature (>~1300 C), but this is not the case [1e4] for most types of volcanic ash (VA), which is therefore perceived as particularly dangerous. It's certainly true that a high fraction of ingested particles adhering inside the turbine will lead to serious problems. Even at the VA particle concentration currently classed as "safe" by the CAA (2 mg m À3 ), a large turbofan engine at full power will ingest more than 1 g s
À1
.
One gram of adhered particulate, corresponding to~100 million particles of radius 10 mm, could quickly cause extensive physical damage (blockage of cooling channels etc), and even much lower levels than this are likely to cause problems such as premature spallation of thermal barrier coatings [5e8]. Of course, there have been increasing levels of concern over the past 20 years about this hazard [9e12], with much attention being devoted to advanced techniques for monitoring concentrations of VA in the atmosphere [13e16] . However, it's clear that not all suspended particulate, and not all types of VA, are equally hazardous. The particle size is one issue, with particles in the range of 5e50 mm being of most concern -since they are both large enough to give a Stokes number [2,17e19] that ensures frequent impact with solid surfaces and small enough to become substantially heated during passage through the combustion chamber [4] . Unfortunately, particles in this size range are likely both to remain suspended in the air for long periods (partly due to the relatively low density of most volcanic ashes) and also to enter the combustion chamber of an aeroengine [20, 21] (rather than being centrifuged into the by-pass air). Furthermore, VAs can vary substantially in composition (depending primarily on the geology of the source area [22, 23] ) and hence some are likely to be more hazardous than others in terms of their softening temperature and also their viscosity [3,24e29] in the temperature and strain rate ranges of interest, although there is at present very little specific information available in the open literature about this type of property.
The current work involves injection of four different VA powders, comprising particles in this size range of interest, into a set-up designed to simulate passage through a combustion chamber and subsequent projection towards a solid surface. Deposition rates have been measured over a range of conditions. These studies are complemented by high speed photography of pellets (made by sintering the VA powders) after being heated and projected at a substrate.
Experimental procedures

Powder characterisation
Four ashes have been obtained, from the volcanic eruptions at: (a) Laki (from the fissure eruption of 1783-4 in south-central Iceland), (b) Eldgja (from the fissure eruption of 934, very close to Laki), (c) Hekla 4 -Hekla is a highly active strato-volcano located about 70 km south-west of Laki, which last erupted in 2000 -and (d) Askja 1875 -another active strato-volcano, located about 150 km north-east of Laki, which last erupted in 1961. Papers are available [30e33] covering the details of these eruptions. It's perhaps worth noting at this point that strato-volcanoes, which are characterised by a steep profile, tend to emit highly viscous lava, which cools and hardens before spreading very far [34] , although it should be recognised that this is a generalisation and emissions from the same volcano during different eruptions can sometimes vary significantly in composition and viscosity. Such high viscosity also tends to promote high internal pressures, and hence more explosive eruptions [35] . It can thus be seen that an expectation might arise for these four materials to fall into two groups, one comprising ashes (a) and (b) and the other ashes (c) and (d).
The as-received ashes were ground in a ball mill and then passed through a sieve with a mesh spacing of the order of 40 mm.
In all cases, this operation produced particle size distributions ranging from about 5 mm to around 50e60 mm. A typical size distribution, referring in that case to the Laki ash, is shown in a previous publication [4] . The chemical compositions of the four ashes, obtained from EDX data, are shown in Fig.1 . It can be seen that the concept of there being two groupings is reinforced by this plot, with Laki and Eldgja being similar, as are Hekla and Askja, but with significant differences between the two pairs. The Laki and Eldgja ashes contain only about 15%Si, plus another 20% or so of various other cations, while the Hekla and Askja ashes contain over 20%Si, but less than 15% of the other cations. This is broadly consistent with the concept of material from the Hekla and Askja eruptions being more viscous, since these (low valance) cations are known to act as "network-modifiers" in inorganic glasses, breaking up the linkages between the silica coordination octahedra and hence reducing the viscosity, whereas high silica glasses are expected to be more viscous [36, 37] . The higher contents of the divalent (Fe, Ca and Mg) ions in Laki and Eldgja are particularly noticeable.
The phase constitutions of these ashes were investigated using X-ray diffraction. The spectra are shown in Fig.2 , together with indications of the phase proportions that they represent. It can be seen that both Hekla and Askja are fully amorphous, while the other two contain significant proportions of two crystalline phases (It was confirmed in a previous publication [4] that most individual particles in the Laki ash are either amorphous or partially crystalline and this is also the case for the Eldgja ash: indexing of the crystalline peaks in Fig.2 is also included in that paper).
A Netzsch dilatometer was used to explore the "softening" behaviour (glass transition temperature and "melting point") of these ashes. Again, details of the procedure used, which involves the actuation rod applying a small pressure to a powder compact while it is heated, are given in the previous paper [4] . The four plots of displacement against temperature (being increased at 5 C min À1 ) are shown in Fig.3 . Initially, the powder compact expands on heating, but then a contraction is observed (on passing through the glass transition temperature, T g ), as the amorphous fraction softens, so that powder particles start to deform and the compact becomes denser. For the partially crystalline powders, contraction accelerates when the crystalline phases finally melt at T m . It can be seen from Fig.3 that all of the T g values are in the approximate range 650e750 C, while T m is~1000e1100 C for the Laki and Eldgja.
SEM micrographs of the four powders were obtained by sprinkling some particles onto a metallic substrate, followed by sputter coating with gold to prevent charging. A CAMSCAN SEM was used, with a 10 kV accelerating voltage. Representative micrographs are shown in Fig.4 . It can be seen that the particles all exhibit rather irregular morphologies. (Of course, these morphologies are not necessarily representative of those exhibited by ash particles in the air after eruptions.)
Particle heating and projection towards a substrate
The factors affecting adhesion of these VA particles were explored using a modified vacuum plasma spray system, in which powder was injected into the front of a plasma torch directed into an open cylindrical tube, at the end of which a substrate was located. The details of this set-up, and of the experimental conditions employed, are presented in the previous publication [4] , together with the outcome of CFD modelling work to establish relationships between the operating conditions and the impact velocities and temperatures of individual particles. Three different sets of operating conditions were employed (A, B & C), listed in Table 1 together with corresponding measured temperatures and velocities of the gas and the temperature of the substrate. These experiments all involved stainless steel substrates with a surface finish of 1200 grit, although their temperature and inclination angle were different for different cases. The SEM micrographs in Fig.5 show the appearance of these substrates after such experiments under one of these sets of conditions, for each of the four ashes. It's immediately apparent from these micrographs that Laki and Eldgja particles showed a much greater tendency to adhere to the substrate than did the Hekla and Askja particles, which is consistent with the comments about expected viscosity levels made in the section above, although they all exhibit similar T g values. These differences in adhesion rates were quantified via measurement of the mass fraction of incident particles that remained attached to the substrates. These results are presented in section 3.
High speed photography of VA pellet impact
While the dilatometry experiments did allow measurement of the T g values for the four ashes, further information is required in order to predict the likelihood of different types of ash particle deforming and adhering on impact with solid surfaces. In particular, at least some information is needed about the viscosity (at high strain rates) in the temperature range concerned. This information is not easy to obtain, since most techniques for viscosity measurement do not involve the generation of high strain rates. However, by creating dense spherical pellets of each of the ashes, heating them to appropriate temperatures, projecting them at high velocity towards a substrate, and using high speed photography to record their response, it is at least possible to carry out a ranking exercise with these ashes. (Inferring actual viscosities, or, more accurately, visco-elastic characteristics, should be possible via iterative comparisons between modelled and observed impact responses, using established procedures [38e41], and this is the subject of ongoing work, but is not reported here.)
Pellets were made by placing ash powder in a silicone rubber mould, with the shape of a hollow sphere (8 mm internal diameter and 5 mm wall thickness). This was then cold isostatically pressed, in a Stansted Fluid Power press, with an applied pressure of 1500 bar, for a period of 5 min. The pellets were then removed from the mould and sintered in air for a period of 30 min at 850 C. Sintering caused a reduction in volume, but the shapes remained spherical. The sintered pellets were fully dense, at least approximately. The diameters after sintering were all around 6.5 mm. Pellets were examined tomographically, using a Skyscan 1172, with a resolution of about 0.5 mm. No pores were detected.
A schematic of the set-up, and also a photograph, are shown in Fig.6 . The pellets were located within the barrel of a gas gun, the details of which are supplied elsewhere [42] . For these experiments, the normal steel barrel was replaced by a ceramic tube. The pellet was located within the tube, which contained an inserted graphite sleeve acting as a susceptor that coupled well to the induction field. This field was created using a Cheltenham Induction Heating Ltd system, operating at a frequency of about 140 kHz, with a typical power level of about 0.9 kW. The pellets were heated mainly via radiation from the graphite sleeve. The relationship between induction heating parameters and the thermal history of the pellets was established via experiments in which a thermocouple was located in a small hole drilled into a pellet. This allowed the temperature of the pellets to be pre-programmed for the ballistic experiments (during which thermocouples could not be used).
The high speed photography was carried out using a Phantom camera, details of which are available elsewhere [43] . The frame speed was 9348 fps, the exposure time was 5 ms and the image resolution was 1280 Â 536 pixels. A number of experimental runs were carried out. The ejection velocities of the pellets werẽ 100 m s
À1
, which is of the same approximate magnitude as the impact velocities of the particles during the adhesion experiments [4] -see Table 1 .
VA particle deposition characteristics
The mass fraction of incident particles adhering to the substrates is plotted in Fig.7 , as a function of substrate temperature, for all four ashes, and for two substrate inclination angles. As expected, higher substrate temperatures (and the associated higher gas temperatures and velocities) and higher (closer to normal incidence) angles both favour higher rates of adhesion. It was shown in the previous paper [4] , using CFD modelling of particle thermal and trajectory histories, that these adhesion rate tend to become substantial as the temperature of the particles in the size range of primary interest (~5e50 mm) start to rise above T g .
This was shown in the previous paper only for the Laki ash, but a ). Indications are given in each case of the approximate glass transition temperature and, for the partially crystalline materials, the melting temperature. similar outcome also applies to the Eldgja ash. However, it can be seen in Fig.7 that the Hekla and Askja ashes behave rather differently. Although they have similar T g values (Fig.3) , their rates of deposition are noticeably lower. Of course, there is invariably some scatter in the results obtained during this type of experiment, but nevertheless this trend is very clear. The effect is also illustrated by the micrographs shown in Fig.5 , which relate to a case for which all of the deposition rates are relatively low, but those of Laki and Eldgja are clearly higher than those for the Hekla and Askja (see Fig.7 ). That this is related to differences in the viscosity of these two different types of ash (in the high strain rate regime that is relevant to impact deformation) is confirmed by the high speed photography results presented in the next section.
VA pellet impact behaviour
Figs. 8e11 show sets of video stills for the four ashes. In all of these cases, the initial pellet temperature was about 1200 C. It may be noted that this is above the T g and T m values in all cases, so these pellets are nominally expected to be liquids. In practice, they are liquids with relatively high viscosity (even under quasi-static conditions), so that they all remained at least approximately spherical while in the bore of the gas gun. However, it can be seen from these figures that the behaviour exhibited by the Laki and Eldgja pellets (Figs. 8 and 9 ) was noticeably different from that of the other pair (Figs. 10 and 11 ). In the former case, the pellets clearly broke up in flight and deformed substantially on impact. (None of these pellets or fragments actually adhered to the substrate, which is unsurprising in view of their large size, and also in view of the fact that the substrate was cold.) The Hekla and Askja pellets on the other hand, largely retained their spherical shape in flight and rebounded from the substrate in what appear to be largely elastic events, although some fracture did occur with the Hekla pellet. This is clearly an indication of a substantially higher viscosity (at these very high strain rates) for these two ashes, compared with that of the Laki and Eldgja. Of course, this is consistent with the behaviour exhibited by the powder particles, with the Hekla and Askja ashes exhibiting noticeably lower rates of adhesion. (The particle temperatures were somewhat lower in those experiments, but it seems reasonable to expect that these differences in viscosity between the two pairs of materials would be exhibited across a range of temperature.)
Conclusions
The following conclusions can be drawn from this work.
(a) Four ashes have been examined and these can be divided into two groups, one pair from typical strato-volcanoes , which are likely to act as "network-modifiers" in these glasses and hence reduce the viscosity. The other two ashes are silica-rich and contain lower levels of such cations. These compositions are therefore consistent with expectations based on the type of volcano from which they were obtained. (b) While all of the ash types exhibited greater rates of particle adhesion in hotter gas streams, and for higher angles of incidence to the substrate, these rates were noticeably lower for the two ashes with the high silica content. This suggests that, in addition to T g being significant, the viscosity of the material (at the temperature concerned, and at high strain rate) can affect the likelihood of adhesion, and may be sensitive to ash composition. (c) Relatively large, fully dense pellets of the four ashes were projected, at high velocity and high temperature, towards a cold substrate, with in-flight and impact behaviour being monitored by high speed photography. In these experiments as well, clear differences were observed between the two groups, with the high silica ashes behaving in a visco-elastic manner indicative of a high viscosity, while the other two types of pellet responded much more like conventional liquids, breaking up in flight and undergoing extensive deformation on impact with the substrate. (d) In view of the observed sensitivity to composition, and consequent differences in (high strain rate) viscosity and hence in the likelihood of adhesion within gas turbines, it seems advisable for particulate volcanic emissions to be characterised in this way, in addition to particle size distribution. Evidently, (remote) monitoring of atmospheric levels of ash is insufficient. Fortunately, obtaining such samples (presumably via drones) and making such measurements (of PSD and composition) should be straightforward. These findings are apparently novel and further work is needed, particularly on the significance of (high strain rate) viscosity and the nature of the linkages to composition. 
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